Abstract-A novel vibration sensor based on a bio-inspired nonlinear structure with quasi-zero stiffness (QZS) characteristic is developed for the real-time measurement of absolute vibration motion. With this bio-inspired vibration sensor, the problems of error accumulation and real-time performance induced by traditional measurement method using accelerometer can be effectively eliminated. Through taking full advantage of the bio-inspired vibration sensor in real-time measurement of absolute vibration motion, a model-based fault detection algorithm is proposed to cope with the on-line detection problem of weak fault with fast time-varying characteristic, which can not be solved by existing frequency-based and wavelet-based fault detection methods. Some results demonstrate that the fault detection algorithm based on this bio-inspired vibration sensor is effective.
I. INTRODUCTION
Vibration analysis is one of the fundamental condition monitoring techniques for machinery maintenance and fault diagnosis, which can be used in the cases of manufacturing and operating to realize the quality control and health monitoring. During past decades, a series of significant results on vibration-based fault diagnosis have been reported in various fields of industrial applications, such as railway wheel flat fault detection [1] , winding deformation detection of power grid transformer [2] , [3] , and structural damage detection of gear, bearing, stator and rotor in mechanical system [4] - [6] . A key factor of conducting fault detection is to acquire accurate vibration signals, including amplitude, velocity, and acceleration. Sometimes, it is expected to detect fault signal from vibration motion. A general way is to use accelerometer as the measurement of vibration motion. Nevertheless, this solution will lead to serious problem of error accumulation due to double time-domain integration of the acceleration signal with non-zero mean. Hence, an interesting and challenging topic arises naturally: whether is it possible to simply and effectively realize the real-time measurement of absolute vibration motion by resorting to some novel measuring methods? One of the purposes of this paper is to give a positive answer to the above question.
On the other hand, nonlinear structure with very beneficial nonlinear stiffness and damping characteristics has received growing attention due to its excellent performance of achieving vibration isolation or suppression. Some applications of nonlinear structure can be found in vibration isolator with quasi-zero stiffness (QZS) [7] - [9] . Recently, a novel nonlinear structure inspired by the limb structures of animals and insects in motion vibration control has been systematically investigated by the authors in [10] - [12] . Compared with existing QZS structures, this bio-inspired structure has better loading capacity and equilibrium stability.
Based on the previous discussion, an attempt will be made to construct a bio-inspired vibration sensor for the accurate real-time measurement of absolute motion in this paper. It is known that this bio-inspired structure with QZS property can create an absolute stable point to acquire very excellent performance of vibration isolation or suppression. With this idea, the problem of measurement of absolute motion can be translated into the measurement of relative motion between the stable point and other vibrating points in bio-inspired vibration sensor. The relative motion can be easily measured by using various sensors such as optical encoder and grating ruler. Hence, the problems of error accumulation and realtime from accelerometer measurement can be eliminated by resorting the bio-inspired vibration sensor.
Although the fault detection techniques have been greatly developed [3] - [5] in the field of vibration-based analysis, there still exist some attractive and challenging topics worth further studying, one of which is how to detect the weak fault signal with fast time-varying characteristic from strong vibration in real time. For example, in vibration and shock testing platform, the weak fault may be masked in vibration signal and existing frequency-domain based fault detection methods do not have the ability to identify it since the fast time-varying weak fault has almost no characterization on the spectrum. As aforementioned observations, this bio-inspired vibration sensor system has provided a simple and effective way for the real-time accuracy measurement of absolute motion, which makes the absolute motion based real-time fault detection possible. On the other side, the model-based fault detection method, which uses the soft redundancy instead of hardware redundancy to generate residual signal for decision making, has been wildly applied in practical systems [13] - [15] . By resorting to this bio-inspired vibration sensor, a real-time fault detection algorithm based on absolute motion is proposed. A nonlinear observer is designed as the soft redundancy to generate the residual signal, which is sensitive to fault signal.
The remainder of this paper is structured as follows. Sec- tion II starts with model description and analysis of the bioinspired vibration sensor. Section III presents an observerbased real-time fault detection algorithm by using this bioinspired vibration sensor. Some results are presented in Section IV to demonstrate the effectiveness and applicability of the proposed methodologies. Finally, Section V concludes the paper.
II. MODEL DESCRIPTION AND ANALYSIS
As depicted in Fig. 1 , the n-layer bio-inspired vibration sensor system consists of connecting rods and rotating joints. A linear spring with horizontal stiffness is applied in the bottom layer as passive muscles. All the parameter descriptions of the bio-inspired vibration sensor are listed in Tab. I. The relationships among ϕ, s, and y r are described as
Here, selecting the upward as the positive direction, the relative motion between the mass and base is y r = y a − z u .
By resorting to Lagrange's method as in [10] , the dynamics of such a bio-inspired sensor system is characterized by
where
The resonant frequency of the bio-inspired vibration sensor system is approximated as
Remark 1: When the resonant frequency of the bioinspired structure is sufficiently low, the QZS characteristic can be achieved in a very wide range of frequencies. With the QZS property, a very excellent performance of vibration isolation or suppression can be acquired. Then top layer mass m is approximately equivalent to a stable anti-vibration point, i.e., the amplitude of y a is close to zero and z u ≈ −y r . Thus, the measurement of absolute motion z u can be translated into the measurement of relative motion y r between the stable anti-vibration point and the base in this bio-inspired vibration sensor. By resorting to some simple sensors such as optical encoder and grating ruler, the relative motion y r can be easily measured. In addition, this bio-inspired vibration sensor can achieve desired measurement performance by tuning the structural parameters as detailed discussion and analysis in [9] - [12] . Let x 1 (t) = y r (t) and x 2 (t) =ẏ r (t) be state variables, then the bio-inspired vibration sensor system can be expressed as the following nonlinear state space equatioṅ
Implementing the real-time measurement and fault detection requires the discrete time model of above sensor system, which is obtained by applying the Euler discretization method.
where F(x k ) represents the nonlinear stiffness and damping, T s is the sampling period and
For simple description, x i k is used to represent the i th state at time instance k. And define
Obviously, the relative motion y r can be determined through measuring the rotation angle ϕ, which is implemented by installing an optical encoder in the bottom joint. The relationship of rotation angle ϕ and relative motion is determined by
III. APPLICATION ON FAULT DETECTION
The bio-inspired vibration sensor system has provided a simple and effective way for the real-time measurement of absolute motion. In view of this point, a model-based strategy will be proposed to improve the performance of real-time vibration fault detection.
According to discrete model (4), the sensor system considering fault input is modeled as
Here, u k is known excitation input and d k is unknown fault input caused by the changes or damages of the monitored object structure. These changes or damages may be slowly time-varying or fast time-varying. By taking full advantage of the real-time absolute motion measurement, an exact performance of real-time fault detection can be simultaneously realized for both weak faults of slowly time-varying and fast time-varying. Matrices A, B, and function F(x k ) are defined in (4). Sensor matrix and fault distribution matrix are
To detect the fault input, inspired by [15] , [16] a full order nonlinear observer depicted in Fig.2 is constructed
Vector z k ∈ R 2 andx k is the estimation of x k . F(x k ) is a nonlinear term having the same structure as F(x k ) defined in system (4). The input to the observer is the known excitation u k , which can be generated from a shaker or other vibration sources. The residual signal r k is generated from the difference between the measurement of absolute motion y k and its estimationŷ k . Observer matrices N, R, L and M with appropriate dimensions are the unknown parameters to be determined. A fault detection observer for system (5) is required to satisfy the following conditions: 1) the error dynamicsx k = x k −x k asymptotically converge to zero as k → ∞ in fault-free case, i.e., r k → 0; 2) the inconsistencies between the faultfree case and faulty case can be reflected on the residual signal r k .
It is noted that the nonlinear function F(x k ) belongs to C 1 , i.e., its first-derivative exists and is continuous. On the other hand, the state variables are bounded (the range of absolute motion can not exceed the length of road and the energy of 
where · is 2-norm operator, Ω is the bounded operating region of state variables and τ ≥ 0 is Lipschitz constant. Due to F(x k ) ∈ C 1 , the Lipschitz constant can be selected from calculating its derivative
Theorem 1: For given a Lipschitz constant τ, if there exist matrices P > 0, E and X with appropriate dimensions satisfying the following conditions: MD = 0 and
then (7) is a fault detection observer for the sensor system (5). Moreover, the observer parameters are given by
The proof of this theorem can be found in Appendix A. Remark 2: According to the proof in Appendix A, matrix M is expressed as M = I + EC. From (6), it is obtained that MD = D + ECD = D = 0. Thus, the condition MD = 0 in Theorem 1 is always satisfied for sensor system (5) .
Based on the designed fault detection observer from Theorem 1, the residual signal is obtained r k = y k −Cx k . In order to identify the fault signal exactly from the residual signal r k , a residual evaluation strategy consisting of evaluation function, threshold and fault classification is proposed [13] , [14] . Here, choose sliding time-window norm as the evaluation function
The corresponding threshold is designed
According to the evaluation function (12) and threshold (13), the logic of fault detection is
The difference of absolute motion between the fault-free case and faulty case has been given by the residual signal r k . Thus, when a fault detection alarm is triggered, it is possible to conduct a fault level evaluation by analyzing the envelope of residual signal r k . Furthermore, the type of fault can be identified from the fault level.
The fault detection method has been summarized as an algorithm given in Algorithm 1.
Algorithm 1: Algorithm for Fault Detection

1:
Choose a appropriate τ from (9). 2: Solve the following convex optimization problem to obtain a feasible solution P, E, and X . s.t. P > 0, (10) for P, E, X, A,C and τ 3: Calculate the fault detection observer parameters as (11) .
4: Implement the fault detection observer and output r k . 5: Design the threshold J th from (13) at fault-free case. 6: If the evaluation function J(r k ) ≥ J th is satisfied, then trigger alarm and even classify fault level from residual r k .
Remark 3: Algorithm 1 presents a real-time fault detection strategy which is implemented by applying the bioinspired vibration sensor and constructing the fault detection observer. Compared with acceleration signal, sometimes it is more reasonable to use the absolute motion to describe the degree of structure damage caused by fault [17] . Because the absolute motion can given more information on the structural deformation, which can be used to analyze the operating condition and health status of the monitored object.
IV. RESULTS
The parameter values are given in Table II Here, two fast time-varying faults with different degrees as depicted in Fig. 3 are considered, fault A occurs at t ∈ [3.51 3.60] s, and fault B occurs at t ∈ [4.13 4.20] s. The input signal is a sinusoid excitation with 8Hz frequency from the shaker. From the sensor parameters in Table II and (2), the natural frequency can be calculated as f 0 ≈ 0.98 Hz. According to the motion transmissibility property of the bio-inspired vibration sensor, when the frequency of base excitation is larger than √ 2 times the natural frequency, the sensor has a high-accuracy measurement of absolute motion by using y r instead of y a . Thus, the absolute motion can be given through measuring y k . Next, we will make use of the measured absolute motion and fault detection observer (15) to construct a fault detection system.
As depicted in Fig. 2 , the residual signal r k is generated by the difference between absolute motion y k and its estimation. Based on the fault detection observer (15) , the estimation of y k is expressed asŷ k = Cx k . The responses of residual signal r k and evaluation function J(r k ) are shown in Fig. 4 . The threshold of fault detection system here is set as J th = sup d k =0 r T k r k ≈ 4.9152 × 10 −6 . Spectrum comparison of y k between fault-free and faulty cases is shown in Fig. 5 , from which it is clear that there is almost no difference. Thus, simple frequency-domain based fault detection methods can not identify the weak fault from the vibration signal. To further demonstrate the advantage of the proposed fault detection approach, multi-resolution wavelet-based method in Ref. [18] is also applied to analyse the measured signal y k . The entire decomposition procedure of multi-resolution wavelet with n levels is illustrated in Fig. 6 . For the convenience of Fig. 7 . Obviously, the fault signal can be detected from these components. It is worth pointing out that wavelet based fault detection is not a real-time method, which requires the acquisition of entire offline data. Additionally, in order to identify the fault signal, it is necessary to do the decomposition until the last level. Thus, as the data volume increases, the wavelet-based fault detection method will be limited to the computational complexity.
However, using the proposed fault detection strategy in Algorithm 1, on-line detection of fault A and fault B becomes possible. Fault detection performance is depicted in Fig. 4 , where alarm is triggered and removed at t = 3.51 s and t = 3.83 s, respectively. For fault B, alarm is triggered and removed at t = 4.13 s and t = 4.36 s, respectively. These results shows that the occurrence time of fault can be identified exactly, but its duration time detected is a bit longer than real one. This can be adjusted by changing the length of time-window in (12) . Compared with the wavelet-based method, the computational complexity of the fault detection approach in this paper remains constant due to the real-time performance. Many detection and monitoring applications (e.g. building, bridge, and railway) can benefit from this real-time fault detection strategy by using the bio-inspired vibration sensor.
V. CONCLUSION
In the paper, a novel bio-inspired vibration sensor for the real-time absolute motion measurement has been discussed, and its application to reliable detection of weak fault signal with fast-time varying has been presented. By taking full advantage of the bio-inspired vibration sensor in real-time measurement of absolute vibration motion, a model-based fault detection algorithm has been proposed to cope with the detection problem of weak fault with fast time-varying. Some results have demonstrated that the fault detection algorithm based on this bio-inspired vibration sensor is effective.
In future work, we will try to extend the fault detection technology based on this bio-inspired vibration sensor to a series of practical applications for fault-tolerant control and health monitoring, such as vehicle active suspension system, railway, aeronautic engineering, and various civil structures like buildings, bridges, etc. where M = I + EC. From (7), the error dynamics is
If MA − LC − NM = 0, MB − R = 0, MD = 0 and system (A.3) is asymptotically stable,
then observer (7) By substituting N = MA − XC and M = I + EC in (A.9), then replacing E T P and X T P in E T and X T respectively, (A.9) is written as the following equivalent form. If condition (A.10) has a feasible solution, the observer parameters are recovered as (11) . This completes the proof.
